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whether additional cell-of-origin-specific differences may exist in iPSC lines derived from different cell types.
Patient-specific iPSCs are a valuable tool for the study of disease and possibly for the development of therapies 20, [23] [24] [25] [26] . Thus, resolving the question of whether iPSCs produced from different cell types are molecularly and functionally equivalent is crucial for using these cells to model disease, which entails detecting subtle differences in the differentiation potential of patient-derived iPSCs 24, 27 . Furthermore, the identification of somatic cells that influence the differentiation capacities of resultant iPSCs into desired cell lineages could be useful in a therapeutic setting.
To assess whether iPSCs derived from different somatic cell types are distinguishable, we compared here the transcriptional and epigenetic patterns, as well as the in vitro differentiation potentials, of iPSCs produced from four genetically identical adult mouse cell types that differed only in the lineage from which they were derived.
RESULTS

Genetically matched iPSCs derived from different cell types
Because the genetic background of ESCs can influence their transcriptional and functional behaviors, we used a previously described 'secondary system' to generate genetically identical iPSCs 2, 28 (Fig. 1a) . Briefly, iPSCs were generated from somatic cells using doxycyclineinducible lentiviruses expressing Oct4, Sox2, Klf4 and c-Myc 29 , and then injected into blastocysts to produce isogenic chimeric mice.
IPSCs are usually obtained from fibroblasts after infection with viral constructs expressing the four transcription factors Oct4, Sox2, Klf4 and c-Myc [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In addition, other cell types, including blood 2,4,11 , stomach and liver cells 1 , keratinocytes 12, 13 , melanocytes 14 , pancreatic β cells 7 and neural progenitors 3, [15] [16] [17] have been reprogrammed into iPSCs. Although these iPSC lines have been shown to express pluripotency genes and support the differentiation into cell types of all three germ layers, recent studies detected substantial molecular and functional differences among iPSCs derived from distinctive cell types. For example, iPSCs produced from various fibroblasts, stomach and liver cells showed different propensities to form tumors in mice, although the underlying molecular mechanisms remain elusive 18 . Another study identified persistent donor cell-specific gene expression patterns in human iPSCs produced from different cell types, suggesting an influence of the somatic cell of origin on the molecular properties of resultant iPSCs 19 . Whether cellular origin also affected the functional properties of iPSCs remained unexplored in that report. Of note, the findings of some of these studies may be confounded by the presence of different viral insertions in individual iPSC lines and by the fact that the analyzed iPSC lines were of different genetic background, which can affect both gene expression patterns 20 and the functionality 9, 21 of cells. Indeed, we have recently shown that many mouse iPSC lines derived from different somatic cell types show aberrant silencing of a surprisingly small set of transcripts compared with embryonic stem cells (ESCs) 22 . However, our study did not investigate Cell type of origin influences the molecular and functional properties of mouse induced pluripotent stem cells
Induced pluripotent stem cells (iPSCs) have been derived from various somatic cell populations through ectopic expression of defined factors. It remains unclear whether iPSCs generated from different cell types are molecularly and functionally similar. Here we show that iPSCs obtained from mouse fibroblasts, hematopoietic and myogenic cells exhibit distinct transcriptional and epigenetic patterns. Moreover, we demonstrate that cellular origin influences the in vitro differentiation potentials of iPSCs into embryoid bodies and different hematopoietic cell types. Notably, continuous passaging of iPSCs largely attenuates these differences. Our results suggest that early-passage iPSCs retain a transient epigenetic memory of their somatic cells of origin, which manifests as differential gene expression and altered differentiation capacity. These observations may influence ongoing attempts to use iPSCs for disease modeling and could also be exploited in potential therapeutic applications to enhance differentiation into desired cell lineages. chimeric animals upon blastocyst injection, demonstrating their pluripotency (Supplementary Table 1 ). We therefore concluded that the cell lines analyzed here qualify as bona fide iPSC lines.
iPSCs produced from different cell types are transcriptionally distinguishable We first evaluated whether iPSCs derived from defined somatic cell types retain gene expression patterns indicative of their cells of origin. Specifically, we assessed the expression of cell lineage-specific candidate genes in iPSCs derived from granulocytes (Gra-iPSCs) and SMPs (SMP-iPSCs). As expected, the SMP markers Cxcr4 and Integrin B1 and the granulocyte markers Lysozyme (also known as Lyz1 and Lyz2) and Gr-1 (also known as Ly6g) were expressed at considerably higher levels in the somatic cells of origin than in resultant Thus, isolation of different cell types from these chimeras and their subsequent exposure to doxycycline gave rise to iPSCs with the same genetic makeup. In this study, we focused on iPSCs derived from tail tip-derived fibroblasts (TTFs), splenic B cells (B), bone marrowderived granulocytes and skeletal muscle precursors (SMPs) 30 , which were continuously cultured for 2-3 weeks (passage 4 to 6) after picking. The pluripotency of some of these cell lines has been previously documented 2 , or was analyzed in this study (Supplementary Table  1 and Supplementary Fig. 1 ). All cell lines grew at similar rates and independently of viral transgene expression (Supplementary Fig.  2 ) and upregulated the endogenous pluripotency genes Nanog, Sox2 and Oct4, indicating successful molecular reprogramming (Supplementary Table 1) . Moreover, all lines gave rise to differentiated teratomas, and all tested lines supported the development of • Gene expression 
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Gra-iPSC2 between different experiments and individual animals. All iPSC lines analyzed were between passage (p) 4 and 6. There were 1,388 genes differentially expressed (twofold, corrected P = 0.05) between SMP-iPSCs and Gra-iPSCs, and 1,090 genes between B-iPSCs and TTF-iPSCs (Supplementary Table 2 ). An analysis of the 100 genes with the greatest range of expression levels across all samples indicated that iPSCs with the same cell of origin clustered together (Fig. 1c) . Consistent with this observation, unsupervised hierarchical clustering ( Fig.  1d) as well as principal component analysis ( Supplementary Fig. 4 ) of all genes placed SMP-iPSCs and Gra-iPSCs, as well as B-iPSCs and TTF-iPSCs, into different groups according to their cells of origin. Notably, Gene Ontology (GO) analysis of the 100 genes with the greatest range of expression between SMP-iPSCs and Gra-iPSCs indicated an enrichment for genes belonging to the categories 'myofibril' (7.6-fold enrichment), 'contractile fiber' (7.3-fold enrichment) and 'muscle development' (5.9-fold enrichment) as well as 'B-cell activation' (6.8-fold enrichment) and 'leukocyte activation' (3.7-fold enrichment) (when compared with the expected background). Together, these results show that genetically identical iPSCs obtained from four different somatic cell types are distinguishable from each other using genome-wide transcriptional analyses, further supporting the notion that the donor cell type influences the overall gene expression pattern of resultant iPSCs.
To determine the effect on gene expression patterns of deriving iPSCs from different animals in independent experiments, we compared the expression profiles of Gra-iPSCs derived from chimera no. 1 (n = 3) with Gra-iPSCs from chimera no. 2 (n = 3) as well as with SMP-iPSCs from chimera no. 1 and TTF-iPSCs from chimera no. 2 (Fig. 1a) . Hierarchical clustering separated Gra-iPSCs according to their origin from different animals, suggesting a significant contribution of this experimental variable to gene expression patterns ( Supplementary Fig. 5 ). However, when the expression data from TTF-iPSCs and SMP-iPSCs were included in the analysis, we found that differences due to cell of origin were stronger than those arising from variations in experimental conditions or animals. These data reinforce the observation that iPSCs derived from different somatic cell types are transcriptionally distinguishable, even when they originate from different animals.
iPSCs (Supplementary Fig. 3) . Moreover, SMP-iPSCs expressed substantially higher levels of Cxcr4 and Itgb1 than did Gra-iPSCs (Fig.  1b) , and Gra-iPSCs showed higher expression levels of Lysozyme and Gr-1 compared with SMP-iPSCs (Fig. 1b) . Together, these data suggest that iPSCs retain a transcriptional memory of their somatic cell of origin.
To test this notion globally, we compared the transcriptional profiles of iPSC lines originating from SMPs (n = 3) with those derived from granulocytes (n = 3), as well as expression profiles of iPSC lines originating from B cells (n = 3) with those produced from TTFs (n = 3). Note that iPSCs were compared with each other only if they originated from the same chimeric mouse (SMP-iPSCs versus Gra-iPSCs and B-iPSCs versus TTF-iPSCs) (Fig. 1a) to eliminate potential variability generated from different cell types exhibit distinct transcriptional patterns (Supplementary Fig. 6b ).
iPSCs derived from different cell types exhibit distinguishable epigenetic patterns We next asked whether the differential gene expression patterns we observed correlated with differences in epigenetic marks. To this end, we performed a genome-wide, restriction enzyme-based methylation analysis of promoters termed 'HpaII tiny fragment enrichment by ligationmediated PCR' (HELP) on the same cell lines we used for expression analysis. Unsupervised hierarchical clustering showed that Gra-iPSCs
To exclude the possibility that the observed gene expression differences were due to the specific secondary system used, we derived iPSCs from SMPs, granulocytes, B cells and peritoneal fibroblasts from reprogrammable mice 31 , which carry dox-inducible copies of all four reprogramming factors in a defined genomic locus. All iPSC lines grew independently of dox and gave rise to differentiated teratomas (Supplementary Fig. 6a) . Analysis of gene expression profiles of these lines at p4 showed clustering according to their cells of origin, with the exception of peritoneal fibroblast-derived iPSCs, which may be a consequence of the heterogeneity of the starting population. Collectively, these results corroborate the notion that iPSCs two genes. A similar pattern was observed for the granulocyte-specific genes in Gra-iPSCs compared with SMP-iPSCs, with Gr-1 and Lysozyme being elevated for H3K4me3 (Fig. 2d) . These data show that the observed expression differences among iPSCs derived from different cell types may be predominantly the consequence of differences in histone marks, further suggesting that iPSCs retain an epigenetic memory of their cells of origin.
iPSCs derived from different cell types have distinctive in vitro differentiation potentials Because the gene expression differences we observed among different iPSC lines affected genes known to be involved in the lineage-specific differentiation and function of the somatic cell types from which they were derived, we reasoned that these differences might affect their capacity to differentiate into defined cell lineages. Thus, we evaluated the autonomous differentiation potential of the four types of iPSC lines by assessing their abilities to produce embryoid bodies, erythrocyte progenitors, macrophages and mixed hematopoietic colonies using established semiquantitative differentiation protocols (Fig. 3a) . Most notably, TTF-iPSCs produced significantly smaller and fewer embryoid bodies compared with all the other iPSC lines (P < 0.001; Fig. 3b,c) . Moreover, the embryoid bodies derived from TTF-iPSC generated relatively few erythrocyte, macrophage and mixed colony progenitors compared with B-iPSCs derived from the same animal despite equal numbers of input cells, indicating striking differences in the differentiation potentials of these iPSCs (Fig. 3d-g ). In contrast, SMP-iPSCs and Gra-iPSCs showed equivalent abilities to produce embryoid bodies (Fig. 3d-g ). However, Gra-iPSCs gave rise to erythrocyte, macrophages and mixed colonies at higher efficiencies than SMP-iPSCs, suggesting a pattern of differentiation that reflects their cells of origin. Together, these data show that the cell type of origin may bias the differentiation potential of resultant iPSC lines.
Continuous passaging of iPSCs abrogates transcriptional, epigenetic and functional differences
Previously published data suggest that early-passage, human iPSCs derived from fibroblasts are transcriptionally distinct from late-passage iPSCs 32 . However, that study did not examine the effect of passaging on the iPSC functionality. We therefore wondered whether continuous passaging of the various iPSC lines would eliminate the observed differences in gene expression and differentiation potential. For this analysis, we added to the B-iPSC/TTF-iPSC group, studied before ( Figs. 1 and 2a,b) , a new set of T cell-and granulocyte-derived iPSCs, which were all derived from chimera no. 2. These 12 iPSC lines were subjected to several additional rounds of passaging under identical culture conditions, and RNA was harvested at p10 and p16 for expression profiling. Whereas unsupervised hierarchical clustering of these cell lines at early passage (p4) clearly separated each of the different iPSC lines according to their cells of origin (Fig. 4a, left panel) , unsupervised clustering of these lines at p10 showed that B-iPSCs, TTF-iPSCs and T-iPSCs were indistinguishable from each other, whereas the Gra-iPSCs still clustered together (Fig. 4a,  middle panel) . Further passaging of these cells until p16 entirely eliminated these differences (Fig. 4a, right panel) . Together, these data indiand SMP-iPSCs, as well as B-iPSCs and TTF-iPSCs, which clustered separately in the transcriptional assays, were also distinguishable based on their methylation patterns (Fig. 2a) . Correspondence analysis of the same samples corroborated this finding (Fig. 2b) , indicating that the donor cell type affects not only the overall transcriptional pattern but also the promoter methylation pattern of resultant iPSCs.
Despite the separation of Gra-iPSCs from SMP-iPSCs and of TTF-iPSCs from B-iPSCs (Fig. 2a,b) by hierarchical clustering, we detected few loci that were differentially methylated with statistical significance using supervised analysis (69 genes between GraiPSCs and SMP-iPSCs and 0 genes between B-iPSCs and TTF-iPSCs; Supplementary Table 3) . To complement these results, we interrogated the DNA methylation status at the promoter regions of the previously analyzed markers Cxcr4, Itgb1, Lysozyme and Gr-1 (Fig.  1b) using EpiTYPER DNA methylation analysis, which quantifies gene-specific CpG methylation. We failed to detect differences in the methylation levels of these candidate genes between SMP-iPSCs and Gra-iPSCs (Fig. 2c) , further indicating that methylation differences are more subtle than the observed gene expression differences and raising the possibility that other chromatin marks may be responsible for the observed expression differences.
Indeed, we observed high levels of the activating marks H3Ac and H3K4me3 and low levels of the repressive marks H3K27me3 at the promoters of Cxcr4 and Itgb1 in SMPs and at the promoters of Lysozyme and Gr-1 in granulocytes, respectively, consistent with their abundant expression in these cell types (Fig. 2d) . Notably, SMP-iPSCs, which showed higher expression levels of Cxcr4 and Itgb1 than did Gra-iPSCs (Fig.  1b) , were enriched for H3K4me3 compared with Gra-iPSCs at these • Promoter demethylation
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• Altered differentiation Figure 5 Model summarizing the presented data. iPSCs derived from different somatic cell types retain a transient epigenetic and transcriptional memory of their cell type of origin at early passage, despite acquiring pluripotent gene expression, transgene-independent growth and the ability to contribute to tissues in chimeras. Continuous passaging resolves these differences, giving rise to iPSCs that are molecularly and functionally indistinguishable. Note the difference between early passage iPSCs and partially reprogrammed cells, which require continuous viral transgene expression and fail to activate endogenous pluripotency genes or support the development of viable mice.
around p10-p12 (Supplementary Fig. 13a,b) and were indistinguishable at p16 (Supplementary Fig. 13c,d) . Moreover, embryoid bodies derived from TTF-iPSCs and B-iPSCs at p16 differentiated into similar numbers of erythrocyte (Fig. 4e) , macrophage (Fig. 4f) and mixed-colony progenitors (Fig. 4g) , thus proving that extensive cellular passaging eliminates differences in the differentiation potentials of these iPSCs.
DISCUSSION
Our study shows that genetically matched iPSCs retain a transient transcriptional and epigenetic memory of their cell of origin at early passage, which can substantially affect their potential to differentiate into embryoid bodies and different hematopoietic cell types (Fig. 5) . These molecular and functional differences are lost upon continuous passaging, however, indicating that complete reprogramming is a gradual process that continues beyond the acquisition of a bona fide iPSC state as measured by the activation of endogenous pluripotency genes, viral transgene-independent growth and the ability to differentiate into cell types of all three germ layers. Notably, the previously seen silencing of the Dlk1-Dio3 locus in many iPSC lines 22 is not affected by the passaging of cells (data not shown). Of note, the early-passage iPSCs described here are different from "partially reprogrammed iPSCs" 34, 35 , which depend on the continuous expression of viral transgenes and do not activate and demethylate pluripotency genes or contribute to the formation of viable chimeras (Fig. 5) .
The mechanism by which passaging eliminates the molecular and functional differences between iPSCs of different origins remains to be determined. Three key observations argue against the possibility of selective expansion of a rare subset of completely reprogrammed iPSCs: (i) both early-and late-passage iPSCs had similar proliferation rates; (ii) there was little variability in the growth rate of single-cell iPSC clones from early-and late-passage lines; and (iii) the number of passages required to resolve cell-of-origin differences was dependent upon the starting cell type. These observations suggest that the consolidation of the pluripotent transcriptional network upon passaging is a slow process, potentially facilitated by a positive feedback mechanism that gradually resolves the residual cell-of-origin-specific epigenetic marks and transcriptional patterns. In accordance with this idea is the finding that telomeres become gradually elongated with increased passage number of iPSCs 36 . Our results are also consistent with the previous observation that cloned embryos often retain donor cell-specific transcriptional patterns and do not efficiently activate embryonic genes over many cell divisions [37] [38] [39] [40] , suggesting possible similarities in the mechanisms of reprogramming by nuclear transfer and induced pluripotency.
Because of the lack of ESC lines genetically matched to the secondary iPSC lines used here, we did not include ESC lines in our comparative analysis. Nevertheless, the present results may help to explain some of the previously reported differences between ESCs and iPSCs 41, 42 . Some of these studies compared late-passage ESC lines with iPSC lines of undefined, but presumably earlier, passage that may not yet have reached an ESC-equivalent ground state. It should be informative to revisit these studies with genetically matched, transgene-free late-passage iPSCs to determine whether this abrogates such gene expression and differentiation differences.
The observed tendency of early-passage iPSC lines to differentiate preferentially into the cell lineage of origin could potentially be exploited in clinical settings to produce certain somatic cell types that have been difficult to obtain from ESCs thus far. However, these data also serve as a cautionary note for ongoing attempts to recapitulate disease phenotypes in vitro using patient-specific, early-passage iPSC lines, as the epigenetic, transcriptional and functional 'immaturity' of these cells might confound cate that continuous cell division resolves transcriptional differences among iPSC lines. Consistent with this observation, the total number of differentially expressed genes between various pairs of iPSC lines derived from different cellular origins was reduced from ~500-2,000 in early-passage cultures to only ~50 or even 0 in late-passage cultures, further demonstrating that after extensive in vitro propagation, these iPSC lines have become very similar to each other (Fig. 4b) .
Analysis of the genes whose expression changed between p4 and p16 in Gra-iPSCs, B-iPSCs and TTF-iPSCs showed 25% overlap with at least one of the other two groups of iPSC lines, suggesting that iPSCs undergo some common changes during passaging, irrespective of their cell of origin (Fig. 4c) . GO analysis of these changes indicated a strong enrichment for developmental regulators. Moreover, the only GO cluster common to all three groups was 'organ development' , indicating that the passaging of iPSCs results in a change of differentiation-associated gene expression patterns (Fig. 4c) . The expression levels of the pluripotency genes Sox2 and Oct4, which are high already at early passage (Supplementary Table  1 ), increased even further during the passaging process, supporting the notion that the pluripotency network becomes increasingly solidified during culture (Supplementary Fig. 7 ), consistent with a previous report showing gradual upregulation of pluripotency-associated genes upon passaging of human iPSC lines 32 .
To evaluate whether the passaging of iPSCs attenuates the observed epigenetic differences, we performed HELP analysis on B-iPSCs and TTF-iPSCs at late passage. In contrast to early-passage iPSCs, the latepassage iPSCs could not be separated by hierarchical unsupervised clustering analysis based on their cells of origin (Fig. 4d) . Accordingly, the methylation levels of histones at candidate genes in Gra-iPSCs and SMP-iPSCs became indistinguishable (Supplementary Fig. 8) . Notably, several of the analyzed loci showed an enrichment for both H3K4me3 and H3K27me3, indicative of bivalent domains that are characteristic of pluripotent stem cells 33 . Thus, continuous passaging leads to an equilibration of the epigenetic differences detected in early-passage iPSCs.
Two possible mechanisms could account for the observed loss of epigenetic and transcriptional memory with increased passage number: (i) passive replication-dependent loss of somatic marks in the majority of iPSCs and (ii) selection of rare, preexisting, fully reprogrammed cells over time. Because the selection model predicts that such rare clones would have a growth or survival advantage, we would expect to see impaired growth rates of bulk iPSC cultures at early passage compared with late passage, which we did not observe (Supplementary Fig. 9a ). We also did not detect significant differences when the growth rates of single-cell clones established from early and late passage iPSC lines were examined using a colorimetric assay (XTT assay) that detects metabolic activity (Supplementary Fig. 10) or by measuring the increase in cell numbers on three consecutive days ( Supplementary Figs. 11  and 12) . Similarly, an analysis of the colony formation efficiency of single cell-sorted iPSC from early-and late-passage cultures did not yield detectable differences (Supplementary Fig. 9b) . Collectively, these data argue against the presence of rare subclones that become selected over time and are consistent with the notion that all iPSC lines gradually resolve transcriptional and epigenetic differences with increased passaging. However, our results do not exclude a combined model involving passive resolution of epigenetic marks as well as selection of multiple clones.
Finally, we asked whether the similar transcriptional and epigenetic patterns of late-passage iPSCs derived from distinct cells of origin would translate into an equalization of their differentiation potentials. We first performed an embryoid-body formation assay at different passages for TTF-iPSCs and B-iPSCs, which showed a strong difference at early passage. TTF-iPSCs gave rise to similarly-sized embryoid bodies as B-iPSCs transformation of the distance matrix to a Euclidean one and subsequent clustering using Ward's method. Correspondence analysis was performed using the BioConductor package MADE4. The top 100 genes whose methylation status varied the most across the different groups were identified as those with the greatest s.d. across all samples.
Quantitative DNA methylation analysis by MassARRAY EpiTyping. Validation of HELP findings was performed by matrix-assisted laser desorption ionization/time-of-flight (MALDI-TOF) mass spectrometry using EpiTyper by MassARRAY (Sequenom) on bisulfite-converted DNA following manufacturer's instructions 52 but using the Fast Start High Fidelity Taq polymerase from Roche for the PCR amplification of the bisulfite-converted DNA. MassArray primers were designed to cover the promoter regions of the indicated genes. (Primer sequences available as Supplementary Table 5 ).
Chromatin immunoprecipitation (ChIP). Cells were fixed in 1% formaldehyde for 10 min, quenched with glycine and washed three times with PBS. Cells were then resuspended in lysis buffer and sonicated 10 × 30 s in a Bioruptor (Diagenode) to shear the chromatin to an average length of 600 bp. Supernatants were precleared using protein-A agarose beads (Roche) and 10% input was collected. Immunoprecipitations were performed using polyclonal antibodies to H3K4trimethylated, H3K27trimethylated, H3 pan-acetylation and normal rabbit serum (Upstate). DNA-protein complexes were pulled down using protein-A agarose beads and washed. DNA was recovered by overnight incubation at 65 °C to reverse cross-links and purified using QIAquick PCR purification columns (Qiagen). Enrichment of the modified histones in different genes was detected by quantitative real-time PCR using the primers in the Supplementary Table 4. 
